BACKGROUND: A simple method for effective bronchodilator aerosol delivery while administering continuing continuous positive airway pressure (CPAP) would be useful in patients with severe bronchial obstruction. OBJECTIVE: To assess the effectiveness of bronchodilator aerosol delivery during CPAP generated by the Boussignac CPAP system and its optimal humidification system. METHODS: First we assessed the relationship between flow and pressure generated in the mask with the Boussignac CPAP system. Next we measured the inspired-gas humidity during CPAP, with several humidification strategies, in 9 healthy volunteers. We then measured the bronchodilator aerosol particle size during CPAP, with and without heat-and-moisture exchanger, in a bench study. Finally, in 7 patients with acute respiratory failure and airway obstruction, we measured work of breathing and gas exchange after a ␤ 2 -agonist bronchodilator aerosol (terbutaline) delivered during CPAP or via standard nebulization. RESULTS: Optimal humidity was obtained only with the heat-and-moisture exchanger or heated humidifier. The heat-and-moisture exchanger had no influence on bronchodilator aerosol particle size. Work of breathing decreased similarly after bronchodilator via either standard nebulization or CPAP, but P aO 2 increased significantly only after CPAP aerosol delivery. CONCLUSIONS: CPAP bronchodilator delivery decreases the work of breathing as effectively as does standard nebulization, but produces a greater oxygenation improvement in patients with airway obstruction. To optimize airway humidification, a heat-and-moisture exchanger could be used with the Boussignac CPAP system, without modifying aerosol delivery.
Introduction
Continuous positive airway pressure (CPAP) via face mask is effective in several forms of acute respiratory failure. CPAP hastened recovery and decreased the need for intubation in patients with acute pulmonary edema, 1,2 avoided re-intubation in hypoxemic postoperative patients, 3 and decreased the work of breathing (WOB) and dyspnea in patients with COPD. 4, 5 During mechanical ventilation of COPD patients with dynamic hyperinflation, external PEEP diminished patient effort for inspiration by decreasing intrinsic PEEP. [6] [7] [8] CPAP can be generated with the Boussignac CPAP system (Vygon, É couen, France), which is a small disposable plastic cylinder that fits on the mask and generates positive pressure by accelerating a flow of air and/or oxygen. In patients with acute pulmonary edema treated in the emergency room, the Boussignac CPAP device provided benefits similar to those of pressure support ventilation (PSV) delivered by a ventilator. 9 Inhaled ␤ 2 -agonists and anticholinergic bronchodilators are the first-line treatment of bronchospasm during asthma or COPD exacerbation. 10, 11 In patients with severe bronchospasm these agents are usually delivered via pneumatic nebulizer, with a gas flow of about 6 L/min. 12 Pneumatic nebulizer is as efficient as delivery via metered-dose inhaler, 13 and more efficient and better tolerated than intravenous administration. 14 However, in patients requiring CPAP, a method for delivering bronchodilator aerosol while applying CPAP would be useful.
Few studies have evaluated aerosol delivery during CPAP 15, 16 or PSV. [17] [18] [19] [20] Some studies found substantial aerosol loss, possibly related to particle impaction in the mask due to the high flow required to generate CPAP. 16 Other studies found that aerosol delivery with CPAP was associated with better lung aerosol deposition 18 or better clinical outcomes. 15, 17 We conducted this physiological study to evaluate the effectiveness of aerosol delivery during CPAP. We searched for the optimal humidification strategy during CPAP, and in patients with airway obstruction we measured patient inspiratory effort before and after ␤ 2 -agonist administered during CPAP versus during spontaneous ventilation.
Methods
This study was approved by the institutional review board of Henri Mondor Hospital, and all subjects gave written informed consent before study inclusion. The study was conducted in the research laboratories of Pitié-Salpêtrière Hospital and Henri Mondor Hospital, and in the medical intensive care unit of Henri Mondor Hospital. We tested the Boussignac CPAP device (Fig. 1) , which uses the incoming flow of gas to generate turbulence that creates a "virtual valve" at the mask opening. The gas (air or O 2 ) entering through a distal connector at the open end of the device is accelerated in 4 very small holes around the open-ended cylinder, which generates a positive pressure in the mask. A proximal connector on the patient side of the cylinder allows for either oxygen supplementation, if the source gas is air, or mask-pressure monitoring with a manometer.
Pressure Generated by the Boussignac CPAP Device
To evaluate the relationship between the gas flow in the device and the pressure generated in the mask, we recorded the pressure in the mask at several flows. From a wall source, compressed gas was delivered from a rotameter (Prolabo, Fontenay-sous-Bois, France) to the distal connector, at flows of 0 to 35 L/min. Through the proximal connector we measured pressure in the mask with a manometer (KI16, Vygon, É couen, France), at pressures of 0 to 25 cm H 2 O. We measured the pressure generated by the CPAP device without ventilation and during inspiration and expiration, with a manually operated pump connected to the CPAP device by a hose, and set to a tidal volume of 500 mL and a respiratory rate of 12 breaths/min.
Gas Hygrometry
We used a previously described psychrometric method 21 to measure the absolute humidity of the inspired gas. We tested 4 humidification strategies at room temperature (22°C) in 9 healthy volunteers receiving CPAP at a constant 7.5 cm H 2 O, during: no humidification; cold water humidification in 1 or 2 connectors of the CPAP device; heat-and-moisture exchanger (Humid-Vent, Hudson RCI, Temecula, California) (28 mL dead space) placed between the mask and the CPAP device; and heated humidifier (MR850, Fisher & Paykel, Auckland, New Zealand) with an additional gas source at 7 L/min and 12 L/min. This experiment was performed without nebulization.
Aerosol Particle Size
We measured the aerosol particle size distribution of the terbutaline aerosol during CPAP before and after placing a heat-and-moisture exchanger between the CPAP device and the nebulizer. We used a CPAP of 10 cm H 2 O and simulated physiologic ventilation by producing expired air that was water-saturated at 37°C, a 1,000-mL tidal volume, and a respiratory rate of 12 breaths/min. The setup was composed of a pump that simulated a patient, a T-piece to sample aerosol, a nebulizer, a heat-and-moisture exchanger, and the CPAP device (Fig. 2) . The jet nebulizer (LC Sprint, Pari, Starnberg, Germany) was attached to the open end of the CPAP device with a T-piece, and run with a flow 6 L/min. The LC Sprint nebulizer delivers aerosol with a mass median aerodynamic diameter of 3.3 m, and 70% of the particles are Ͻ 5 m. We sampled the aerosol at the T-piece and measured the aerosol with a laser diffraction particle sizer and counter (LAP 320, Topas, Dresden, Germany).
Bronchodilator Delivery With Versus Without CPAP
We screened patients admitted for hypercapnic acute respiratory failure who required noninvasive ventilation (NIV). We included patients with persistent hypercapnia (P aCO 2 Ͼ 45 mm Hg) that suggested chronic pulmonary disease. We excluded patients with cardiac pulmonary edema, acute asthma, or any risk factor related to placement of an esophageal balloon (eg, thrombocytopenia or gastrointestinal bleeding). We studied the included patients when they had been in stabilized condition for 24 hours after weaning from NIV.
We compared the respiratory effect of a ␤ 2 -agonist (terbutaline 5 mg) delivered via standard nebulization or via CPAP, in random order, at an interval of 3 hours, to minimize carry-over effects. The bronchoprotective effect of ␤ 2 -agonists is maximal at 90 min, followed by a sharp drop 3 hours after inhalation, and complete elimination at 6 hours. 22 Standard nebulization was via jet nebulizer (Cirrus, Intersurgical, United Kingdom, mass median aerodynamic diameter 2.7 m, 70% of particles Ͻ 5 m) and face mask. The nebulizer was powered with compressed air during both CPAP and standard nebulization. The air flow was 6 L/min during standard nebulization, and 15 L/min during CPAP, to maintain a minimum positive pressure of 5 cm H 2 O. Nebulization time and time on CPAP was 5-10 min. O 2 was administered via nasal cannula during standard nebulization, and via the proximal connector during CPAP. The O 2 flow was the same throughout all experiments. After nebulization, all patients received O 2 via nasal cannula and underwent arterial blood gas measurements. Before and 15 min after each nebulization we measured variables that reflect patient effort and gas exchange.
We measured airway pressure with a differential pressure transducer (MP45, Validyne, Northridge, California, Ϯ 80 cm H 2 O), and flow with a pneumotachograph (No. 2, Fleisch, Lausanne, Switzerland) connected to a face mask. We measured esophageal and gastric pressure with a doublelumen catheter equipped with 2 balloons (Marquat, Boissy Saint-Léger, France). Appropriate placement of the esophageal balloon was verified with an occlusion test. 23 All signals were recorded at 200 Hz with an analog-to-digital dataacquisition system (MP100, Biopac Systems, California). We calculated respiratory muscle energy expenditure from the esophageal pressure-time product per breath and per minute, by measuring the area under the esophageal pressure signal between the onset of inspiratory effort and the end of inspiration. This area was referred to as the chest-wall static recoil pressure-time curve relationship. 24 A difference between the beginning of the negative esophageal-pressure deflection and the zero-flow point was taken as the intrinsic PEEP 25 and was corrected for any abdominal pressure activity. 26 We computed patient inspiratory WOB per breath from the area included between the esophageal pressure/tidal volume loop and the chest-wall relaxation curve, using the Campbell diagram, as previously described. 8 
Statistic Analysis
We compared the ventilatory pattern data and the patient-effort variables with the Wilcoxon test for each period, as the small number of patients required a nonparametric test. P Ͻ .05 was considered statistically significant.
We estimated that 15 patients would be required to detect a 20% WOB difference between CPAP and standard nebulization. Analysis of the data from the first 7 patients found no significant WOB difference between CPAP and standard nebulization. This finding, together with the difficulties raised by performing the clinical trial, prompted us to end the trial prematurely, making it close to a feasibility study. 
Results
Pressure Generated by the Boussignac CPAP Device Figure 3 shows the relationship between the gas flow rate and the pressure generated by the Boussignac CPAP device. A flow of 15 L/min generated a pressure of 6 cm H 2 O during expiration and 5 cm H 2 O during inspiration. A flow of 25 L/ min was required to keep the pressure above 10 cm H 2 O. Figure 4 shows the absolute humidity data. Mean absolute humidity without humidification was 4 Ϯ 1 mg/L. Humidification with cold water increased absolute humidity slightly, to 7-12 mg/L. Absolute humidity greater than 25 mg/L was obtained only with the heat-and-moisture exchanger or the heated humidifier.
Gas Hygrometry

Aerosol Particle Size With and Without Heat-and-Moisture Exchanger
Adding a heat-and-moisture exchanger between the Boussignac CPAP device and the nebulizer had no influence on the terbutaline aerosol particle size. The median particle size diameter was similar with or without heatand-moisture exchanger (0.8 m), and the geometric standard deviation remained unchanged.
Comparison of Bronchodilator Delivery by CPAP Versus Standard Nebulization
We studied 7 patients (5 females and 2 males, mean age 64 Ϯ 17 years) admitted to the ICU for hypercapnic acute respiratory failure (mean admission P aCO 2 , 53 Ϯ 23 mm Hg) and who had been weaned off NIV for at least 24 hours (Table 1) . Patient WOB showed a decrease of borderline statistical significance (P ϭ .06) after bronchodilator nebulization with both standard nebulization and CPAP aerosol administration (Fig. 5 ): 39 Ϯ 34% decrease after standard nebulization versus 37 Ϯ 39% decrease after CPAP nebulization. The P aCO 2 changes were not different between the 2 modalities. However, P aO 2 increased significantly more after CPAP nebulization than after standard nebulization.
Discussion
With the Boussignac CPAP device the flows required to maintain a continuous pressure of 5 cm H 2 O or 10 cm H 2 O were 15 L/min and 25 L/min, respectively. Because highflow compressed gas results in low humidity, a humidification device was needed. The heat-and-moisture exchanger did not significantly affect terbutaline aerosol particle size. In a small sample of patients with airway obstruction, WOB decreased similarly with CPAP nebulization or standard nebulization. CPAP significantly improved oxygenation, compared to standard nebulization with the same oxygen flow.
Influence of CPAP and Heat-and-Moisture Exchanger on Aerosol Delivery
The gas flow rate used to drive the nebulizer has a major influence on aerosol delivery, 27 and the high flow rate during CPAP could decrease aerosol delivery. 16 A bench study found a marked decrease in bronchodilator aerosol deposition in the face mask with nebulization during classical CPAP (10 cm H 2 O), which suggests a reduction in aerosol presented to the proximal airway. 16 However, the clinical response was not different between CPAP nebulization and standard nebulization, and the FEV 1 increased similarly with these 2 modalities, which suggests that CPAP may promote aerosol delivery to peripheral airways, and that nebulization during CPAP is effective despite the high flow rate. 16 In children with cystic fibrosis, PSV increased the lung deposition of a radio-labeled aerosol by about 30%, compared to standard nebulization, without increasing particle impaction in the proximal airways. 18 A high flow rate may cause deleterious effects related to low humidity of the inspired gas, 28, 29 and optimal humidification may improve comfort and tolerance. 30 Whereas other studies found a significant increase in particle size and reduced lung deposition with heated humidifier, 31, 32 we found that heat-and-moisture exchanger did not significantly influence aerosol particle size.
Clinical Effects of Nebulization During CPAP
In several studies the clinical improvement induced by albuterol delivered during CPAP 15, 16 or PSV 17, 19 was similar to or better than that with standard nebulization. A Fig. 3 . Relationship between the nebulizer driving gas flow and continuous positive airway pressure (CPAP) generated in the mask, with the Boussignac CPAP system during inspiration, expiration, or without CPAP.
randomized trial in patients with acute asthma found greater peak-expiratory-flow improvement when the nebulized albuterol was delivered during PSV with a PEEP of 5 cm H 2 O (n ϭ 60), than with standard nebulization (n ϭ 40). 17 Another study found an increase in peak expiratory flow when PEEP was added to terbutaline inhalation from a . Absolute humidity during the tested ventilation conditions. Continuous positive airway pressure (CPAP) was driven with dry compressed air. Adequate humidification was provided with heat-and-moisture exchanger (HME) or heated humidifier. . WOB decreased similarly with the 2 methods (P ϭ .06). B: P aO 2 and P aCO 2 after nebulized terbutaline delivered via standard nebulization method versus delivered during CPAP. P aO 2 was significantly higher with CPAP nebulization. P aCO 2 was not significantly different between the 2 methods.
cone spacer in 10 stable asthma patients. 15 In 18 stable COPD patients, PSV during nebulized albuterol via spacer proved feasible, and the bronchodilator effect was significant, compared to placebo, although possibly slightly smaller than without PSV. 19 Although we did not perform spirometry, we found similar trends toward decreased patient WOB with terbutaline nebulized during CPAP and with standard nebulization.
Effects on Work of Breathing and Oxygenation. Nebulization of bronchodilators is a crucial component of the treatment of COPD exacerbation. Benefits may occur despite an absence of spirometric improvement. Thus, in patients with nonreversible airway obstruction (defined as little or no change in FEV 1 ), nebulized bronchodilator decreases WOB, dynamic hyperinflation, and dyspnea. 33 We found a nearly significant decrease in WOB after ␤ 2 -agonist nebulization, although dynamic hyperinflation did not decrease significantly, probably because our patients had little intrinsic PEEP and the number of patients was small. A study of intubated patients found that bronchodilator inhalation decreased patient WOB by lowering airway resistance, but without changing intrinsic PEEP, breathing pattern, or arterial blood gas levels. 34 CPAP decreases the inspiratory WOB and feeling of breathlessness in patients with severe COPD and acute respiratory failure, during weaning from mechanical ventilation, [6] [7] [8] and during NIV for COPD exacerbation. 4, 5 External PEEP or CPAP decreases the patient's inspiratory effort by counterbalancing the intrinsic PEEP, although the pressure level should be set at a value lower than the intrinsic PEEP to avoid increasing the hyperinflation. 35 We found that nebulization with CPAP significantly improved oxygenation, compared to standard nebulization, at the same oxygen flow rate. This effect may be ascribable to PEEP-induced alveolar recruitment or to improved ventilation-perfusion matching.
Limitations
Our ICU patients were unable to perform reliable spirometry, so we measured WOB in these patients who had a high potential for dynamic hyperinflation and intrinsic PEEP. The main limitation of the clinical part of our study is the small number of patients, which makes it close to a feasibility study and which probably explains that the decrease in WOB after nebulization fell slightly short of statistical significance. However, the WOB decrease was similar with the 2 modalities.
We cannot exclude the possibility that the high flow in the CPAP device increased aerosol particle impaction in the mask. Studies of aerosol delivery in healthy volunteers found that NIV did not increase lung deposition. [36] [37] [38] Of the few studies involving direct lung-deposition measurements in patients, one found decreased lung deposition during NIV, compared to quiet breathing in patients with airway obstruction, 39 but 2 others, in patients with cystic fibrosis, found greater distal lung deposition. 18, 40 
Clinical Implications
In hypoxemic patients, nebulization during CPAP may eliminate the risk of drop in oxygenation, as can occur when CPAP is withdrawn during standard nebulization. Bronchodilator nebulization with the Boussignac CPAP device is simple and seems clinically effective to deliver ␤ 2 -agonist aerosol. Heat-and-moisture exchanger did not influence particle size in our study. A humidification device should be placed between the nebulizer and the Boussignac CPAP device, because the high-flow dry gas during CPAP can dry the airways and increase airway resistance 28 and cause major discomfort. 29 
Conclusions
Delivery of aerosolized ␤ 2 -agonist bronchodilator was as effective during Boussignac CPAP as during standard nebulization, and the aerosol was not significantly affected by heat-and-moisture exchanger. The WOB decrease was similar with or without CPAP, but CPAP improved oxygenation in a small group of hypercapnic patients.
